Background: Research in animal models suggests that transcutaneous electrical nerve stimulation (TENS) and conditioned pain modulation (CPM) produce analgesia via two different supraspinal pathways. No known studies have examined whether TENS and CPM applied simultaneously in human subjects will enhance the analgesic effect of either treatment alone. The purpose of the current study was to investigate whether the simultaneous application of TENS and CPM will enhance the analgesic effect of that produced by either treatment alone. Methods: Sixty healthy adults were randomly allocated into two groups: (1) CPM plus active TENS; (2) CPM plus placebo TENS. Pain threshold for heat (HPT) and pressure (PPT) were recorded from subject's left forearm at baseline, during CPM, during active or placebo TENS, and during CPM plus active or placebo TENS. CPM was induced by placing the subjects' contralateral arm in a hot water bath (46.5°C) for 2 min. TENS (100 ms, 100 Hz) was applied to the forearm for 20 min at a strong but comfortable intensity. Results: Active TENS alone increased PPT (but not HPT) more than placebo TENS alone (p = 0.011). Combining CPM and active TENS did not significantly increase PPT (p = 0.232) or HPT (p = 0.423) beyond CPM plus placebo TENS. There was a significant positive association between PPT during CPM and during active TENS (r 2 = 0.46; p = 0.003). Conclusions: TENS application increases PPT; however, combining CPM and TENS does not increase the CPM's hypoalgesic response. CPM effect on PPT is associated with the effects of TENS on PPT.
Introduction
Transcutaneous electrical nerve stimulation (TENS) is an established clinical tool for the nonpharmacological control of pain (Aubin and Marks, 1995; Emmiler et al., 2008; Desantana et al., 2009b; Lofgren and Norrbrink, 2009; Platon et al., 2010) . Experimental pain studies using healthy subjects have shown that TENS increases pressure pain threshold (PPT) (Chesterton et al., 2003; Claydon et al., 2008; Liebano et al., 2011; Pantaleao et al., 2011) ; however, the effects of TENS on heat pain threshold (HPT) are still controversial (Palmer et al., 2004; Tong et al., 2007; Rakel et al., 2010) . Conditioned pain modulation (CPM; formerly termed diffuse noxious inhibitory control or DNIC) is a phenomenon that involves a tonic noxious stimulus that produces large-scale decrease in pain outside the area of the stimulus and is generally thought to measure the integrity of the endogenous pain inhibitory systems. CPM can be summarized as 'pain inhibits pain' and was originally described in 1979 (Le Bars et al., 1979) . This pain inhibitory mechanism is presumed to operate through activation of descending supraspinal inhibitory pathways initiated by the release of endogenous opioids (Kraus et al., 1981) . Animal studies have shown that heterotopic noxious conditioning stimulation causes a powerful and widespread inhibition of wide dynamic range and nociceptive specific neurons in the dorsal horn of the spinal cord. CPM has also been identified as an advanced psychophysical measure with high clinical relevancy in the characterization of one's capacity to modulate pain and, consequently, one's susceptibility to acquire pain disorders (Pud et al., 2009) . Previous studies have also demonstrated that CPM increases PPT (Sowman et al., 2011) and HPT (Tousignant-Laflamme and Marchand, 2009) .
Both CPM and TENS activate the endogenous pain inhibitory systems and could interact. Research in animal models suggests that TENS and CPM both produce analgesia at the level of the spinal cord via two different supraspinal pathways: rostral ventral medulla (RVM)/periaqueductal grey (PAG) in the midbrain and medullary reticularis nucleus dorsalis (MdD) in the medulla, respectively (Bouhassira et al., 1992; Villanueva et al., 1996; Kalra et al., 2001; Sluka and Walsh, 2003; Desantana et al., 2009a; Villanueva, 2009; de Resende et al., 2011) . Both pathways converge at the level of the spinal cord using similar inhibitory neurotransmitters, but may also be activated by similar cortical sites such as the cingulate cortex (Egsgaard et al., 2012; Kocyigit et al., 2012) . As CPM is generally used to measure the integrity of endogenous inhibition, and TENS uses endogenous inhibition to produce analgesia, CPM may also be a useful clinical tool to predict the effectiveness of TENS. The aim of the current study was to investigate (1) whether the simultaneous application of TENS and CPM will enhance the analgesic effect of that produced by either treatment alone and (2) whether the analgesia produced by CPM is associated with the effectiveness of TENS. The hypotheses of this study were that CPM combined with TENS will result in enhanced analgesia, and that CPM analgesia will be associated with TENS analgesia.
Methods

Subjects
Sixty healthy, TENS-naïve, pain-free subjects (30 men, 30 women; mean age 25.84 Ϯ 5.54 years; age range 18-40 years) were recruited from the local and University of Iowa community after approval was obtained from the local Institutional Review Board. The period of recruitment was from September 2009 to February 2010. Subjects were screened and excluded if they had altered skin sensation, recent trauma in upper limbs, cardiac pacemaker, pregnancy or if they were receiving any type of pain medication. Demographic information was collected for all subjects using a demographic form adapted from a previous study . Demographic information included gender, age, body mass index (BMI) and race using standardized questions with established content validity.
Randomization and sample size calculation
After the participants provided written informed consent, they were stratified by gender and were randomly assigned in a 2:1 ratio to one of two groups: (1) CPM plus active TENS (n = 40) and (2) CPM plus placebo TENS (n = 20). A 2:1 randomization method (active TENS group : placebo TENS group) was used because previous studies have not shown hypoalgesic effect with placebo TENS application in healthy subjects (Rakel et al., 2010; Liebano et al., 2011; Pantaleao et al., 2011) and to improve study's power. Randomization was performed using the sequentially numbered, opaque, sealed envelopes (SNOSE) allocation concealment method (Doig and Simpson, 2005; Scales and Adhikari, 2005) . The envelopes were stored in a secure cabinet that only the allocation investigator had access to and were opened immediately prior to intervention allocation.
The sample size was calculated considering a difference of 100 kPa between groups and a standard deviation of 94 kPa obtained from previous data on PPT and TENS . At a significance level of 0.05 and power of 80%, the required sample size in each group was 19 participants (Minitab, v.15, State College, PA, USA) . Allowing for attrition, 20 participants were therefore recruited for placebo TENS group and 40 participants for active TENS group, for a total of 60 participants. Four subjects were excluded (n = 2 in What's already known about this topic?
• Transcutaneous electrical nerve stimulation (TENS) and conditioned pain modulation (CPM) produce analgesia via two different supraspinal pathways. No known studies have examined whether TENS and CPM applied simultaneously in human subjects will enhance the analgesic effect of either treatment alone.
What does this study add?
• This study shows that combining CPM and TENS does not increase the hypoalgesic response.
• CPM effect on pressure pain threshold is associated with effects of TENS on PPT, suggesting that CPM may predict TENS analgesia.
each group) because their pain thresholds to heat at baseline were extremely low (35.9 and 36.6°C) or because they could not tolerate the CPM test.
Pressure pain threshold
PPT has been measured to reflect pressure pain sensitivity of deep tissues (Kosek et al., 1999) . PPT was assessed as the primary outcome measure using a Somedic Type II digital pressure algometer (Somedic Inc., Hörby, Sweden) by an assessor who was blinded to group allocation at three marked spots along the extensor mass of the left forearm (2, 3 and 4 cm below the elbow crease) (Fig. 1 ). The pressure was applied perpendicular to the skin at a rate of 40 kPa/s using a flat, 1-cm 2 circular probe covered with 1 mm of rubber to avoid any skin pain from sharp metal edges (Leffler et al., 2002 (Leffler et al., , 2003 . Subjects were instructed to press the algometer button when pressure was first perceived as pain and the algometer was retracted at this point (Rakel et al., 2010; Liebano et al., 2011) . The average of the PPT scores recorded at the 3 points was used as the final value at each measurement time. Each subject had two practice trials on the non-testing forearm, followed by the data collection round.
Heat pain threshold
HPT was assessed using a TSAII NeuroSensory Analyzer (Medoc Ltd, Ramat Yishai, Israel) with a 16 ¥ 16-mm stimulator. Temperature started at 34°C and increased by 1°C/s to a maximum of 52°C. The thermal stimulus was terminated when the subject first perceived the sensation as changing from heat to pain. If pain was not perceived by 52°C, the test would be stopped for subject safety and this temperature would be recorded as the pain threshold (Rakel et al., 2010) . Nevertheless, all participants presented HPTs below 52°C. Subjects were familiarized with the assessment by completing two practice trials on their non-testing forearm. HPTs were assessed at three marked sites located 1 cm lateral to the PPT's sites on the subject's left forearm (over the extensor muscle mass) ( Fig. 1) , and the average of the temperatures recorded at the 3 points was used as the final value at each measurement time.
Activation of conditioned pain modulation
A hot water bath (Proline RP 1840, Lauda, Germany) was used to induce pain and trigger the CPM response (Staud et al., 2003; Yarnitsky et al., 2008; Moont et al., 2011 Moont et al., , 2012 Streff et al., 2011) . The water was constantly re-circulated to avoid laminar cooling around the subject's skin (Staud et al., 2003) . The conditioning stimulus consisted of the immersion of the subjects' right hand and forearm in a hot water bath (46.5°C) to just below the elbow for 2 min. This type of conditioning stimulus has been widely used and the heatinduced pain stimuli ranged from 45 to 66.58 on a 0-100 scale (0 = no pain and 100 = worst pain imaginable) (Staud et al., 2003; Yarnitsky et al., 2008) . PPT and HPT were recorded 30 s after immersion from the three spots over the left forearm as described above.
TENS procedure
The subject's skin was cleansed with mild soap and water, and two square self-adhesive electrodes (5 ¥ 5 cm) (StimCare Premium Electrodes, Empi Inc., St. Paul, MN, USA) were placed 1 cm proximal to the elbow crease and 1 cm proximal to the wrist crease on the dorsum of the left upper limb (Fig. 1) .
Two TENS units were used: an active and a placebo TENS unit. The active unit applied high-frequency TENS (continuous mode, 100 Hz, 100 ms pulse duration) at a strong but comfortable intensity (including motor level stimulation), as dictated by each subject, for 20 min to the left forearm. The placebo TENS was applied using a placebo unit that was identical in appearance to the active unit. This unit actively applied TENS (continuous mode, 100 Hz, 100 ms) at sensory threshold intensity for 30 s and then the current ramped off over the next 15 s. All devices were Rehabilicare Maxima (Empi Inc., St. Paul, MN, USA) TENS units delivering a rectangular, balanced, asymmetrical biphasic pulsed current. TENS applications were performed by an investigator who did not participate in outcome assessments to ensure appropriate TENS blinding. During the pain measurements, the intensity of TENS was decreased and kept at a sensory intensity level to ensure the pain assessor was kept blind to the subject's group allocation.
General overview of protocol
After obtaining consent and demographic information, the subjects were randomized and asked to remain seated in a comfortable upright position during all procedures. The left forearm was cleansed, the PPT and HPT areas were marked as described above, and the TENS electrodes were applied. Each subject underwent one familiarization test on the nontesting forearm prior to baseline PPT and HPT measurements. PPTs and HPTs were each measured three times in an alternating fashion at baseline. One minute after baseline PPT and HPT measurements, the subject was asked to immerse his/her right hand and forearm in the hot water bath (46.5°C) for 2 min (CPM). Thirty seconds after immersion, PPTs and HPTs were recorded again from the three spots over the left forearm in an alternating fashion as described above. When these tests were finished, subjects removed their right upper limb from the water and were informed they should rest for 10 min (washout period). The pain assessor left the room and another investigator applied the correct TENS unit (active or placebo) for 20 min. After 20 min, the pain assessor returned and re-measured PPTs and HPTs. One minute after pain measurements, subjects were asked to immerse their right upper limb again (TENS was still on) and one more round of pain assessments was performed. Investigators used pre-written scripts to explain the procedures to subjects in order to guarantee that the given information was consistent. During rest times and during TENS application, subjects remained seated and alone to obviate distraction and consequently the impact of distraction on pain levels. Fig. 2 shows the timeline of the experimental protocol.
Blinding assessment
At the conclusion of testing, the TENS investigator asked the subject 'Do you think you received active TENS, placebo TENS or don't know?' The pain assessor was asked 'Do you think the subject received active TENS, placebo TENS or don't know?' Their responses were recorded and used to gauge the adequacy of subject and investigator blinding (Rakel et al., 2010) .
Statistical analyses
PPTs and HPTs were calculated as the mean of the three sites tested at each time point, and data were standardized to show a variation from baseline (difference scores), where positive values represent hypoalgesia and negative values represent hyperalgesia. Descriptive statistics were calculated for all variables and tests for normal distribution (ShapiroWilk) were carried out. The PPT and HPT data were normally distributed and were therefore analysed using a repeated measures analysis of variance. Post hoc testing was performed with a Tukey's test to measure any differences between groups. Associations among the difference scores of PPT and HPT during TENS and CPM were assessed using Pearson's product-moment correlation coefficients. Chisquare test was used to compare blinding of the groups against an expected result of 50:50 blinding (i.e., chance). Statistical significance was set at p < 0.05. All analyses were performed using SPSS (version 17.0; SPSS Inc, Chicago, IL, USA). Data are presented as mean Ϯ standard error of the mean.
Results
Demographic information for each group is shown in Table 1 .
The difference scores of PPT and HPT during CPM alone, during active TENS and placebo TENS alone, during CPM plus active TENS and during CPM plus placebo TENS are summarized in Fig. 3 .
Both groups increased PPT and HPT during CPM alone, without significant differences between groups (p = 0.235; p = 0.186, respectively). Active TENS increased PPT (p = 0.011), but not HPT (p = 0.504) when compared with placebo TENS during TENS application alone. No significant differences between groups were observed when combined CPM plus active TENS or CPM plus placebo TENS on PPT (p = 0.232) and HPT (p = 0.423).
There was a significant positive correlation between the difference scores in PPT during CPM and during active TENS (r 2 = 0.46; p = 0.003) (Fig. 4A) . The correlation observed between HPT difference scores during CPM and PPT during active TENS was not significant (r 2 = 0.26; p = 0.12) (Fig. 4B) . TENS and CPM influence pain in humans R.E. Liebano et al.
Assessment of blinding
The outcome assessor correctly identified that subjects received active TENS treatment in 5% of the cases (2 of 38). He/she responded 'don't know' when asked about group allocation for 100% of subjects (18 of 18) in the placebo TENS group. In other words, the outcome assessor was blinded 96.4% of the time, indicating successful TENS blinding (p < 0.0001). Subjects were blinded to the treatment 83.3% (15 of 18) of the time in the placebo TENS group and 73.7% (28 of 38) in the active TENS group. The rate of blinding in both experimental groups was different than chance (random 50:50 probability), showing adequate subject TENS blinding (p = 0.0047; p = 0.0035 respectively).
Discussion
Although the mechanisms of action of TENS and CPM have been extensively investigated in previous animal studies (Bouhassira et al., 1992; Villanueva et al., 1996; Kalra et al., 2001; Desantana et al., 2009a; de Resende et al., 2011) , to our knowledge, this is the first study assessing the interaction of both modalities in humans. Pathways responsible by CPM and TENS analgesia originate from different areas of the central nervous system, but both are activated by opioid and alpha-adrenergic receptors activation (King et al., 2005; DeSantana et al., 2008; Desantana et al., 2009a;  Leonard et al., 2010 Leonard et al., , 2011 Wen et al., 2010; de Resende et al., 2011) . Thus, the hypothesis of the present study was that CPM and TENS could interact to enhance the hypoalgesic response. The results show that TENS and CPM each produce a hypoalgesic response when applied in isolation, but there is no additional increase in the hypoalgesia when combining both modalities because no differences were observed between active TENS plus CPM and placebo TENS plus CPM. The proposed explanation for this finding is that, when activating CPM, the descending pathways from MdD would produce a large inhibitory effect on T-cells in the dorsal horn of the spinal cord. Thus, when TENS activates the descending pathways from PAG/RVM, a maximal hypoalgesic effect was already obtained by CPM activation, producing no additional hypoalgesia. This hypothesis remains to be confirmed in future experimental studies.
The data from the current study indicate that PPT changes during CPM were positively correlated with PPT changes during TENS application, suggesting that CPM may be a useful method to determine potential effectiveness of TENS clinically. HPT changes with CPM, however, did not correlate with PPT changes during TENS, suggesting that CPM predicts the effects of TENS in a modality-specific manner. This is supported by previous work showing that there are different subsets of nociceptors responsible for evoking heat or mechanical pain (Yarnitsky and Ochoa, 1990; Cavanaugh et al., 2009 ). Heat pain is produced by activity of the TRPV1+ population of nociceptors (C-fibres) and can be blocked by m-opioid receptor agonists (Cavanaugh et al., 2009; Scherrer et al., 2009) . By contrast, mechanical pain is generated by activity in different populations (myelinated and unmyelinated non-peptidergic nociceptors) and can be selectively blocked by d-opioid receptor agonists (Lawson et al., 2008; Cavanaugh et al., 2009; Scherrer et al., 2009) . Experimental studies in rats suggested that low-frequency TENS (4-10 Hz) predominantly activates peripheral and central m-opioid receptors, whereas high-frequency TENS (100-130 Hz) does not (Sluka et al., 1999; Kalra et al., 2001; Sabino et al., 2008) . This can explain why high-frequency TENS increased PPT but did not increase HPT. These data are in agreement with other studies that observed an increase in PPT in healthy adults (Cowan et al., 2009; Rakel et al., 2010; Liebano et al., 2011; Pantaleao et al., 2011) but no significant changes in HPT with high-frequency TENS (100 Hz) application (Palmer et al., 2004; Rakel et al., 2010) . Some authors observed an increase in HPT when applying TENS with an alternating frequency of 2 and 100 Hz (Tong et al., 2007) . It is possible that this alternation between low-and high-frequency TENS released opioids and activated peripheral m-opioid receptors in the TRPV1+ nociceptors. A few studies have shown an increase of HPT with high-frequency TENS application (Pertovaara, 1980; Cheing and Hui-Chan, 2003; Buonocore and Camuzzini, 2007) . Nevertheless, they failed to include a control or placebo TENS group. Moreover, the rate of assessor or subject blinding was not described. These differences in experimental protocols may have been responsible for discrepancies in the results.
The rate of pain assessor blinding (96.4%) in the current study is in accordance with previous similar TENS studies ranging from 96% to 100% (Cowan et al., 2009; Liebano et al., 2011; Moran et al., 2011) . Subject blinding in the active TENS group in the current study (73.7%) was higher than that observed in other studies (20-50%) (Cowan et al., 2009; Liebano et al., 2011; Moran et al., 2011; Pantaleao et al., 2011) . Blinding subjects when studying physical modalities such as cold, heat, electrical stimulation, acupuncture and manual therapy is an important and challenging issue (Kawchuk et al., 2009; Takakura et al., 2011) . The rate of blinding in subjects who received the placebo TENS (83.3%) was also higher than that observed in previous studies (40-48%) (Rakel et al., 2010; Liebano et al., 2011) . This may be explained by the fact that early studies using this placebo unit applied TENS for a short period of time (30 or 42 s) at maximally tolerable intensity (Rakel et al., 2010; Liebano et al., 2011; Pantaleao et al., 2011) . Applying a maximally tolerable intensity for only a short period of time makes it easier for subjects to notice when the current ramps off ). In the current study, the transient placebo TENS was delivered at a sensory threshold intensity level in an effort to improve blinding (Cowan et al., 2009; Moran et al., 2011) . A similar rate of blinding was also observed by other authors (85%) using this same protocol (Moran et al., 2011) .
The present study has certain limitations that need to be taken into account. Some of the limitations include the generalizability of the results. Subjects were pain-free; thus, future clinical studies should be performed to confirm these results in patients experiencing pain. Second, the researcher responsible for applying TENS was not blinded to group allocation; however, efforts were made to reduce bias by blinding pain assessor during tests by having the researcher use a pre-written script that described TENS effectiveness and expectations in a similar manner. Finally, it is possible that CPM produced a ceiling-like effect, obvi-ating a further increase in PPT or HPT with TENS application. However, there was a large variability in CPM response as well as TENS response with a proportion showing minimal changes and other showing robust changes.
In summary, this study showed that both CPM and TENS cause hypoalesgia when administered independently, but combining CPM and TENS does not increase the hypoalgesic response. Moreover, CPM effect on PPT is associated with the effect of TENS on PPT.
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